The effects of depot formulations of the luteinizing hormonereleasing hormone (LHRH) agonist Decapeptyl (25 g͞day) for 30 days or LHRH antagonist Cetrorelix pamoate (100 g͞day) for 30 days and daily injections of 100 g of Decapeptyl for 10 days on the expression of mRNA for pituitary LHRH receptor (LHRH-R) and the levels of LHRH-R protein were evaluated in rats. Serum sex steroid concentrations and the weights of the reproductive organs were greatly reduced in all groups treated with analogs, demonstrating an efficient blockade of the pituitary-gonadal axis. Decapeptyl microcapsules elevated serum LH in female rats, but decreased it in male rats. LHRH-R mRNA expression in female pituitaries was reduced to 41% and 56 -65% on days 10 and 30, respectively, whereas LHRH-R protein was 64% of control on day 10 and returned to pretreatment levels on day 30. Decapeptyl microcapsules reduced LHRH-R mRNA expression in male pituitaries to 58% on day 30 but not LHRH-R protein. Daily injections of Decapeptyl caused a desensitization of LH responses in female rats, while raising LHRH-R mRNA expression in female rats by 23% and LHRH-R protein levels by 119%. Cetrorelix pamoate reduced serum LH in female rats and diminished LHRH-R mRNA to 30% and 26% and LHRH-R protein to 57% and 48% on days 10 and 30, respectively. Elevated LHRH-R protein levels of ovariectomized rats were reduced after 10-day treatment with Cetrorelix or 100 g͞day Decapeptyl. Thus, changes in the mRNA expression after treatment with Cetrorelix, but not always Decapeptyl, paralleled those of LHRH-R protein. The inhibitory effect of Cetrorelix on serum LH, pituitary LHRH-R mRNA, and LHRH-R protein was greater than that of Decapeptyl. T he hypothalamic decapeptide luteinizing hormone-releasing hormone (LHRH) plays a central role in the control of reproduction by stimulating the release of pituitary luteinizing hormone (LH) and follicle-stimulating hormone (FSH), which in turn promote gonadal functions and regulate sex steroid secretion (1-3). The effects of LHRH are mediated by high-affinity G protein-coupled LHRH-receptor (LHRH-R) on pituitary gonadotropes (4-7). The responses to LHRH vary under different conditions and critically depend on the regimens of administration and doses delivered to gonadotrope cells. An intermittent stimulation with low doses of LHRH or LHRH agonists, mimicking the normal pulsatile release of the neuropeptide from the hypothalamus, stimulates the release of gonadotropins, whereas a chronic exposure to LHRH agonists leads to an inhibition of pituitary responses and suppression of serum LH, FSH, and sex steroid levels (8-12). This desensitization of gonadotrope cells involves a down-regulation of pituitary receptors for LHRH and inhibition of gene expression of LHRH-R by mechanisms, some of which still remain to be clarified (5, 7, 13-15).
T
he hypothalamic decapeptide luteinizing hormone-releasing hormone (LHRH) plays a central role in the control of reproduction by stimulating the release of pituitary luteinizing hormone (LH) and follicle-stimulating hormone (FSH), which in turn promote gonadal functions and regulate sex steroid secretion (1) (2) (3) . The effects of LHRH are mediated by high-affinity G protein-coupled LHRH-receptor (LHRH-R) on pituitary gonadotropes (4) (5) (6) (7) . The responses to LHRH vary under different conditions and critically depend on the regimens of administration and doses delivered to gonadotrope cells. An intermittent stimulation with low doses of LHRH or LHRH agonists, mimicking the normal pulsatile release of the neuropeptide from the hypothalamus, stimulates the release of gonadotropins, whereas a chronic exposure to LHRH agonists leads to an inhibition of pituitary responses and suppression of serum LH, FSH, and sex steroid levels (8) (9) (10) (11) (12) . This desensitization of gonadotrope cells involves a down-regulation of pituitary receptors for LHRH and inhibition of gene expression of LHRH-R by mechanisms, some of which still remain to be clarified (5, 7, 13-15).
The agonistic analogs of LHRH such as Decapeptyl, leuprolide, Zoladex, and buserelin have well established clinical indications, including in vitro fertilization and embryo transfer programs and treatment of uterine leiomyomas, endometriosis, central precocious puberty, and sex hormone-dependent tumors (4-6, 12, 13, 16-20) . These applications are based on selective medical hypophysectomy or on the reversible medical castration and the creation of a state of sex steroid deprivation, all induced by these analogs (4-6, 12, 13, 16-20) . Potent antagonists of LHRH such as Cetrorelix, Ganirelix, and Abarelix (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (21) (22) (23) (24) also have been synthesized. Antagonists of LHRH compete with LHRH for the same receptor sites and cause an immediate inhibition of the release of gonadotropins and sex steroids (5, 12, 17, 24, 25) . Depot formulations of LHRH antagonists such as Cetrorelix and Abarelix could become an important addition to the clinical armamentarium. The aim of the present study was to investigate and compare the long-term effects of depot formulations of LHRH agonist Decapeptyl and antagonist Cetrorelix on the mRNA for pituitary LHRH-R, LHRH-R protein, serum LH, and sex steroid levels and other endocrine parameters in rats. ]LHRH dispersed in 160 mg of poly(DL-lactideco-glycolide) and excipients including mannitol. For injection, the microspheres were suspended in diluent and administered i.m. A depot formulation of the LHRH antagonist Cetrorelix (21) was supplied by Zentaris (Frankfurt) as Cetrorelix pamoate (D20762) and contained Cetrorelix peptide-base and pamoic acid in a molar ratio of 2:1 and mannitol suspended in distilled water.
Materials and Methods
were maintained under controlled conditions (24°C, 12-h light, 12-h dark schedule). Vaginal smears were monitored daily and only rats showing two consecutive estrous cycles were used.
In Vivo Experiments. Experiment 1. Three groups of 20 normal female rats were treated as follows: Group 1 was injected i.m. with Cetrorelix pamoate (3 mg͞0.2 ml), estimated to release 100 g͞day for 30 days. Group 2 received i.m. Decapeptyl microcapsules (0.75 mg͞0.4 ml) releasing 25 g͞day for 30 days. Group 3 received an i.m. injection of the vehicle only. Blood samples were taken from the jugular vein under isoflurane anesthesia and on days 0, 4, 10, and 30 (or before decapitation). Serum was separated by centrifugation and stored at Ϫ20°C until assayed. Ten rats in group 1 and 2 were killed in the morning of the 10th day and the remaining rats, at the end of the 30-day treatment. Control rats in group 3 were killed in diestrus II phase of the cycle on the closest possible date to day 10 or 30. The ovaries and uterus were removed and weighed. Anterior pituitaries (four in each group) were homogenized in the TRI reagent (Sigma) and stored at Ϫ70°C for LHRH-R mRNA determination. The remaining pituitaries were frozen on dry ice and kept at Ϫ70°C for LHRH-R protein analysis. Experiment 2. Eight female and eight male rats were treated with Decapeptyl microcapsules (0.75 mg͞0.4 ml). The eight control female and eight male animals received vehicle only. Blood samples were taken on days 0, 4, 10, and 30 (or before decapitation). Control female rats were killed in diestrus II phase of the cycle on the date closest to day 30. The pituitaries, ovaries and uterus or testes, seminal vesicles, and prostate were removed and weighed. Experiment 3. Eight female rats were treated with daily injections of Decapeptyl for 10 days (100 g͞day). The control animals received vehicle only. Blood samples were taken on days 1, 4, and 10 immediately before the administration of Decapeptyl and 2 h and 5 h after the injection. The animals were killed (the control animals in diestrus II), and the ovaries, uterus, and pituitaries were removed and weighed.
RIA. Concentration of LH in the serum was determined by an RIA using materials provided by the National Institute of Diabetes and Digestive and Kidney Diseases, National Hormone and Pituitary Program, Torrance, CA (A. F. Parlow): rLH-RP-3 (AFP-7187B), rLH-I-10 (AFP11536B), and anti-rLH-RIA-11 (AFP C697071P). We determined estradiol, progesterone, and testosterone by using commercial kits (Diagnostic System Laboratories, Webster, TX, DSL-4800, DSL-3400, and DSL-4100).
RT-PCR Analysis. Total RNA (1 or 2 g) was reverse-transcribed and then amplified by using the reagents and protocol of the GeneAmp RNA PCR Core kit (Perkin-Elmer). Reverse transcriptase (RT) reaction and the PCR amplification were done as described (26) with the GeneAmp PCR System 2400 (PerkinElmer). The number of cycles was within the exponential range of PCR amplification (22-25 cycles) . PCR products were electrophoresed on a 2% agarose gel at 4°C, stained with ethidium bromide, and visualized under UV light. Bands of PCRamplified products were analyzed semiquantitatively by using a zoom digital camera (DC290) with EDAS 290 imaging system (Kodak). The levels of rat LHRH-R mRNA products were related to rat ␤-actin mRNA values and expressed as percentage of the vehicle-treated controls.
Immunodetection of LHRH-Rs. Membrane fraction was prepared from rat pituitaries as described (27) . Membrane proteins (5-25 g) were solubilized in 20 mM Tris⅐HCl buffer (pH 8.0) containing 10% (vol͞vol) glycerol, 1% (wt͞vol) SDS, 1 mM EDTA, and 1 mM DTT, and heated for 10 min. Proteins were resolved by SDS͞10% PAGE and then transferred to nitrocellulose sheets (Hoefer). The nitrocellulose sheet was soaked in Tris-buffered saline (10 mM Tris⅐HCl, pH 7.5͞50 mM NaCl) containing 0.1% Tween-20 (TBST buffer). Excess protein-binding sites were saturated with TBST buffer containing 5% nonfat dried milk. The blotted membranes were incubated for 1 h at room temperature with goat polyclonal anti-human LHRH-R (Santa Cruz Biotechnology) antisera diluted 1͞1,000 in the TBST buffer. The immunoreactive proteins were developed with peroxidaseconjugated anti-goat IgG Abs (Santa Cruz Biotechnology) and visualized by a chemiluminescent detection system (Pierce). The bands were analyzed with the imaging densitometer specified above, and the relative protein levels were quantified. Western blot analysis for LHRH-R protein was performed also on some of the pituitaries from experiments reported earlier (2), in which ovariectomized (OVX) rats were treated with depot formulation of Cetrorelix releasing 100 g͞day or with daily injections of 100 g of Decapeptyl.
Analysis of Data. Results are expressed as mean Ϯ SEM. For statistical analysis of data the computer software SIGMASTAT (Jandel, San Rafael, CA) was used. In vivo results were subjected to one-way ANOVA, followed by Bonferroni t test, and P Ͻ 0.05 was accepted as statistically significant.
Results

Effects of Cetrorelix Pamoate and Microcapsules of Decapeptyl in
Female Rats After 10 and 30 Days. Rats treated with depot formulations of Cetrorelix (100 g͞day) or Decapeptyl (25 g͞day) remained in constant diestrus throughout the treatment. Serum LH was decreased in the Cetrorelix-treated group by Ͼ80% on day 4 and remained low during the 30-day treatment (P Ͻ 0.01). In the Decapeptyl group, a 3-fold elevation of serum LH was detected on day 4 (P Ͻ 0.01) and LH concentrations remained above the controls on days 10 and 30 (Fig. 1a) . Serum levels of estradiol and progesterone were significantly lower in both the Cetrorelix and Decapeptyl groups ( Fig. 1 b and c) . In both groups, after 10 days, the weights of ovaries and uterus decreased similarly by Ϸ31% and 55%, respectively. After 30 days, the reduction in ovarian weights was Ϸ50% and uterine weights Ϸ70% in either group.
The expression of pituitary LHRH-R mRNA was strongly decreased by 70.3% and 58.7% on day 10 of treatment with Cetrorelix or Decapeptyl, respectively (P Ͻ 0.01) (Fig. 2 a and  c) . On day 30, LHRH-R mRNA in the control rats was slightly, but not significantly, higher than on day 10, whereas LHRH-R mRNA expression was reduced by 74.4% in Cetrorelix-treated rats (P Ͻ 0.01). The extent of reduction in LHRH-R mRNA in Decapeptyl-treated rats on day 30 was 43.6% (P Ͻ 0.01), significantly less than on day 10 ( Fig. 2 a and c) .
After 10 days, LHRH-R protein levels in pituitaries of the Cetrorelix-and Decapeptyl-treated rats were 43% and 36% lower (P Ͻ 0.05), respectively, than in the controls. However, on day 30, the LHRH-R protein levels returned to normal in the Decapeptyl-treated rats but decreased further to 48% of controls (P Ͻ 0.01) in the Cetrorelix group (Fig. 2 b and d) .
Effects of Microcapsules of Decapeptyl in Male and Female Rats over
a Period of 30 Days. The female rats treated with Decapeptyl microcapsules (25 g͞day) remained in constant diestrus throughout the treatment. In male rats, after an initial rise, serum LH was decreased by 45% on day 10 and by 63% on day 30 (Fig. 3a) . However, in female rats, Decapeptyl treatment caused again a nearly 3-fold elevation in serum LH on day 4 (P Ͻ 0.01) and LH concentrations remained significantly elevated on days 10 and 30 (Fig. 3b) . Decapeptyl also produced a 76-95% decrease in serum testosterone in male rats (Fig. 3c) and a significant reduction of serum estradiol (32-41%) and progesterone (56-74%) in female rats (Fig. 3 d and e) . The weights of the reproductive organs were reduced in the Decapeptyl-treated groups as compared with controls (ovaries from 93 Ϯ 5 to 44 Ϯ 3 mg, uterus from 405 Ϯ 14 to 131 Ϯ 9 mg, testes from 2,863 Ϯ 65 to 1,003 Ϯ 104 mg, seminal vesicles from 1,493 Ϯ 157 to 131 Ϯ 11 mg, and prostates from 1,064 Ϯ 75 to 160 Ϯ 16 mg, P Ͻ 0.01).
The mRNA expression for pituitary LHRH-R was decreased in females and males by 35% and 40%, respectively (P Ͻ 0.01) (Fig. 4 a and c) . LHRH-R protein levels were also similar in the control male and female pituitaries. Despite the decrease in LHRH-R mRNA levels, the LHRH-R protein was not reduced in the treated rats after 30 days (Fig. 4 b and d) .
Effects of Daily Injections of Decapeptyl for 10 Days in Female Rats.
Repeated daily injections of 100 g of Decapeptyl abolished the estrus cycle, and the rats remained in diestrus during the 10-day period. The weights of ovaries and uterus were decreased by 33% and 56% (P Ͻ 0.01), respectively, during this treatment as in the case of the depot preparations. In the Decapeptyl-treated rats, serum estrogen and progesterone levels on day 10 were reduced from 18.8 Ϯ 1.7 to 12.8 Ϯ 0.6 pg͞ml (P Ͻ 0.05) and from 20.5 Ϯ (Fig. 5) . The highest elevation in LH was obtained on day 1, and the responses on days 4 and 10 were greatly reduced. In contrast to depot preparations, daily Decapeptyl injections caused a 23% elevation in LHRH-R mRNA expression (P Ͻ 0.05) and a 119% rise in LHRH-R protein (P Ͻ 0.01) in the treated group at the end of the 10-day period (Fig. 6) 
Changes in LHRH-R Protein After 10-Day Treatment with a Cetrorelix Depot Formulation or Daily Injections of 100 g of Decapeptyl in OVX
Female Rats. The effects of these treatments on LH levels and LHRH-R mRNA expression were reported (28) . In brief, Cetrorelix significantly decreased the LH levels, and daily injections of Decapeptyl reduced LH responses on days 4, 7, and 10 of the treatment in the OVX rats. Both Cetrorelix and the daily Decapeptyl injections reduced the expression of mRNA for pituitary LHRH-R in the OVX rats. Studies on levels of LHRH-R protein were performed. We found that the pituitaries of OVX control rats 21 and 31 days after the operation contained much higher levels of LHRH-R protein than those of normal rats. In these OVX rats, LHRH-R protein levels were decreased by 84% and 76% (P Ͻ 0.01) after depot Cetrorelix or daily Decapeptyl administration, respectively (Fig. 7) .
Discussion
Our results show that long-acting formulations of the LHRH agonist Decapeptyl and LHRH antagonist Cetrorelix inhibit the reproductive system in rats to similar extents. However, there are various differences in the effects of the two types of these analogs on serum LH levels and the expression of LHRH-R gene and levels of LHRH-R protein. During the 1-mo period after a single injection of depot preparations of either analog, female rats were in a state of constant diestrus, and at the end of the experiment the weights of uterus and ovaries were greatly reduced to a comparable degree. In female rats the levels of estradiol and progesterone were markedly diminished with either analog. Decapeptyl also had a powerful inhibitory effect on testosterone levels in male rats and decreased the weight of testes and accessory sex organs. Cetrorelix reduced serum LH levels in female rats; however, during Decapeptyl treatment we observed consistently a 2-to 3-fold rise in LH. This elevation in LH levels in female rats was significant during the entire 30-day treatment with Decapeptyl microcapsules, but was far smaller than that seen after daily injections of 100 g of Decapeptyl on days 1, 4, and even 10. When Decapeptyl microcapsules were given to male rats, the LH levels fell below control levels after an initial rise. Thus, in this aspect there was a sex-related difference in the responses of pituitary cells to the agonists of LHRH. Sex-related differences in LH secretion were reported previously by one of us (J.E.H.) in the in vitro pituitary superfusion system after long-term (6 h) stimulation with LHRH (29, 30) , showing that sex-related factors may play a role in the fine regulation of the gonadotropes. This finding indicates that the results on LH obtained in male animals might not be fully applicable to females. Despite the sex-related differences, a similar reduction in the mRNA expression, but no decrease in LHRH-R protein, was detected at 30 days, in both female and male rats after treatment with microcapsules of Decapeptyl. In our previous in vivo studies in male rats, we found a decrease in serum LH levels after long-term administration of [D-Trp It has also been reported that free gonadotropin ␣-subunit levels are elevated after treatment with LHRH agonists in rats and humans (35, 36) . The LH antiserum from the National Hormone and Peptide Program used by us in the RIA of LH has Ͻ0.01% cross-reaction with FSH and thyroid-stimulating hormone (TSH). This means that the detected rise in LH could be because of the presence of immunoreactive ␤-subunits of LH. Lahlou et al. (36) found that in girls suffering from precocious puberty treated with microcapsules of Decapeptyl, the LH levels were significantly elevated when determined by RIA, but not when monoclonal immunoradiometric assay was used. They suggested that this discrepancy was due to the secretion of unusual LH molecules that are recognized by RIA, but not by monoclonal immunoradiometric assay (36) . Because the serum levels of sex steroids in our study were greatly decreased, despite the elevated LH levels as measured by RIA, this elevation could have been caused by immunologically active, but biologically inactive, LH molecules.
Various in vivo studies on the effects of LHRH agonists and antagonists on the expression of mRNA for pituitary LHRH-R have been reported (26, 28, 33, 35, 37, 38) . Kaiser and coworkers (37) reported that ovariectomy increased mRNA levels for LHRH-R in rat pituitaries. In vivo treatment with leuprolide lowered LH levels and markedly decreased mRNA for LHRH-R in sheep pituitaries (38) . Administration of microcapsules of ]LHRH into rats was also reported to cause a decrease in the levels of mRNA for pituitary LHRH-R for at least 30 days (35) . In the present study, the mRNA expression of pituitary LHRH-R and LHRH-R protein was greatly decreased 10 days after administration of depot formulations of Cetrorelix or Decapeptyl, but the relative extent of the reduction in LHRH-R protein was smaller. At 30 days, both the LHRH-R mRNA and the LHRH-R protein levels in the Cetrorelix-treated group continued to show a decrease. In contrast, in rats given depot Decapeptyl, the extent of the reduction in the LHRH-R mRNA expression declined and the LHRH-R protein levels returned to the control values, whereas LH levels were lower than on day 10. These results suggest that a reduction in the LHRH-R gene expression might contribute to the effects seen in the initial phase of the treatment, but other postreceptor mechanisms could be involved.
In rats treated with daily injections of Decapeptyl, there was a small increase in LHRH-R mRNA levels after 10 days. The extent of this increase was smaller than the 2.5-fold rise in LHRH-R mRNA reported (28) . However, in the previous study (28) , the control rats were killed in estrus as compared with controls in diestrus II in this experiment. There is no discrepancy between our present and previous findings because it has been reported that in normal rats in diestrus II, the LHRH-R mRNA levels are 2-3 times higher than in estrus (39, 40) . The elevation of LHRH-R mRNA in the normal female rats after the daily Decapeptyl treatment found in this study was accompanied by a 2.2-fold rise of LHRH-R protein levels. However, in OVX rats the daily treatment with Decapeptyl or Cetrorelix pamoate for 10 days produced a decrease in the LHRH-R protein levels, elevated 9-to 11-fold after ovariectomy. Thus, in normal rats the daily Decapeptyl treatment stimulates the LHRH-R expression, but in OVX rats, where the gonadotropes are overstimulated, there is no further stimulation.
Decapeptyl and other LHRH agonists are stimulatory superactive analogs of LHRH with important clinical applications, and their effects depend on the dose and mode of administration. An acute injection of agonists of LHRH causes a marked release of LH and FSH, but continuous administration of these substances produces an inhibition of the hypophyseal-gonadal axis through the process of down-regulation of pituitary LHRH-R, a decrease in the expression of LHRH-R gene, and a suppression of circulating levels of LH and sex steroids. The molecular and cellular basis of the LHRH action on the pituitary and signal transduction pathways of LHRH receptors have been reviewed (12, 15, 19) . The effects of prolonged administration of LHRH agonists on the sex steroid levels and gonads are similar to those of antagonists. However, LHRH antagonists produce a competitive blockade of LHRH-R, cause an immediate inhibition of the release of gonadotropins and sex steroids, and thus reduce the time of the onset of therapeutic effects. The principal mechanism of action of LHRH antagonists was thought to be based on a competitive receptor occupancy of LHRH-R. However, we were able to demonstrate that chronic administration of Cetrorelix also produces down-regulation of pituitary LHRH receptors and a decrease in the levels of mRNA for LHRH receptors in rats (26, 28, 33, 41, 42) . Recently we showed that LHRH antagonists suppress the LHRH-R gene expression by counteracting the stimulatory effect of endogenous LHRH (26, 28) . In vitro, in systems that lack LHRH, Cetrorelix does not cause any change in LHRH-R gene expression, but prevents the up-regulation of the receptor mRNA expression induced by exogenous LHRH (26, 28) . In the present study Cetrorelix exerted a steady, negative effect at all of the stages of pituitarygonadal regulation and decreased the LHRH-R mRNA and LHRH-R protein levels, as well as serum LH and sex steroids, and this effect resulted in a profound reduction in the weights of reproductive organs.
The results reported in this paper as well as previous studies (4, 6, 12, 13, 26, 28, 34, 41) demonstrate that large doses of Cetrorelix such as 0.3-0.5 mg per kg per day down-regulate pituitary LHRH-R in rats. Such a down-regulation could take place in a clinical setting in patients with prostate cancers treated with large doses of LHRH antagonists (6, 12) . Clinical findings also suggest that a down-regulation of pituitary receptors for LHRH may have occurred in male volunteers treated with large doses (10 mg͞day) of Cetrorelix for 5 days (43) .
However, this down-regulation is unlikely to occur in the in vitro fertilization and embryo transfer procedures and the treatment of endometriosis, leiomyomas, and benign prostatic hyperplasia in which lower doses of Cetrorelix are used and in which the purpose of therapy is a temporary blocking of the pituitary LH surges (in vitro fertilization and embryo transfer) or incomplete inhibition of pituitary-gonadal axis and partial decrease in sex steroid levels. These important clinical applications support the merit of an evaluation of the effect of smaller doses of Cetrorelix on the pituitary-gonadal axis in rats.
